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It Was observed long ago that the diffusion
of Water through the skin is limited primarily
by the stratum eorneum and that the non-
eornified part of the epidermis is negligible as
far as Water barrier function is concerned. It
was also established that the stratum corneum
consists of horny cells and some intercellular
substance. Besides these, there arc no other
structural elements present which can be held
responsible for barrier function. Hence it be-
came evident that the diffusion of water
through the skin is limited by the same
structure that protects the organism from its
environment.
The question whether all horny cell layers
or only some participate in barrier function
has not been satisfactorily answered yet. Roth-
man (1), Malkinson (2), and Stoughton (3) be-
lieve that the junction between the stratum
granniosum and stratum corneum is primarily
involved in barrier function. Szakall (4), Mali
(5), and Blank (6), on the other hand, favor the
idea that the lower layers of the stratum cor-
neum limit the passage of water. Recently Klig-
man (7) proposed that the entire horny layer is
involved in barrier function; this view is now
receiving acceptance by many investigators and
has been reemphasized by Scheuplein (8).
Although considerable effort has been made
to explore the mechanism whereby horny cells
limit the diffusion of water, their participation
in barrier function is not well understood. Horny
cells are of complex composition. Structurally
they consist of submicroscopic filaments, an
amorphous matrix and some remnants of cell
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organelics and are encased by a thickened and
resistant plasma membrane. From the chemical
viewpoint they can be considered to consist
mainly of protein with some lipid and a small
amount of carbohydrate. Which of these com-
ponents possesses adequate properties to limit
the diffusion of water is not well known. This
problem has been studied by determining the
water permeability of skin samples extracted
with lipid solvents or keratinolytic agents.
Berenson and Burch (9) and Onken and Moyer
(10) extracted whole skin fragments with hot
or cold organic solvents and noted marked
increases in water diffusion rates. Berenson
and Burch (9) soaked skin samples in 0.001 N
sodium hydroxide or potassium cyanide or 0.1
M sodium sulfide buffered to pH 4.2, whereas
Onken and Moyer (10) extracted skin frag-
ments with 0.1 N sodium hydroxide or 6 M
urea. All these investigators found no change
in barrier function with these latter reagents.
In view of this it was concluded that keratin
merely forms a framework and lipids arc pri-
marily involved in barrier function. Other in-
vestigators, however, came to different con-
clusions. Mali (5) thought that both lipids
and keratin participate while Tregear (11)
claimed that the "keratinized cell matrix" was
primarily involved in limiting water flow.
When the epidermal water barrier is con-
sidered at the subcellular level, it appears that
the first question that requires clarification is
whether all or only particular constituents of
the stratum corneum contribute significantly
to barrier function. Elucidation of this prob-
lem appears to be of primary importance in
reaching a better understanding of the epi-
dermal water barrier. Experimentation along
this line is difficult because the chemical
properties of the constituents of the stratum
corneum are still not well known and methods
for selective extraction are available only for
some constituents. To clarify this problem in
the present study an attempt was made to
"selectively attack" major components of the
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stratum corneum and determine corresponding
changes in barrier function. The experiments
were mainly based on information obtained
in previous studies which are briefly recalled
here for background information.
Previous studies (12) showed that the
main component of the stratum corneum is
protein. Lipids (7—9%), a small amount of
carbohydrate, and some low molecular-weight
dialyzablc material are also present. Proteins
may be grouped into three major classes:
soluble proteins (SP), insoluble cytoplasmic
proteins (UP), usually called "kcratin", and
insoluble plasma membrane proteins (MP).
The SP form about 15% by dry weight of the
stratum corncum and are extractable with
neutral or with slightly acidic or alkaline
buffers (12). The SP have been "selectively"
extracted with buffers of pH 7.2 or 8.5 (12,
13). The bulk of the stratum corncum con-
sists of UP, about 65% by dry weight, which
do not dissolve in buffers in the range of pH
2—10. However, they pass into solution in the
pH range of 10—12 (12). A small part of the
stratum corneum, less than 5%, consists of
MP; these are not solubilized by keratinolytic
agents and can be dissolved only by hydrolytic
decomposition (14).
Lipid material can be extracted from the
stratum corncum by most of the commonly
used lipid solvents. The composition of the
extracted material is not well known and meth-
ods for selective extraction of lipids are not
available. With respect to location, three kinds
of lipid constituents may be distinguished: sur-
face lipids, plasma membrane lipids and intra-
cellular lipids.
Other constituents of the stratum corneum
have not yet been characterized in sufficient
detail to enable them to be included in this
study.
To recapitulate, lipids can be "selectively"
attacked by organic solvents and the SP by
neutral buffer solutions. When UP are at-
tacked by keratinolytic agents the SP are also
affected whereas the MP are not solubilized.
The MP can be attacked only by agents which
split peptide bonds and in this case all of the
proteins arc affected.
In the present study the stratum corneum
was treated with the reagents mentioned
above and also with other reagents which arc
known to split disulfide, hydrogen, lysyl,
arginyl, or peptide bonds of proteins. It was
thought that optimal conditions for the ac-
curate determination of changes in barrier
function could be obtained by placing sam-
ples of skin in diffusion chambers in which
the flux of tritiated water could be de-
termined both before and after applying a
reagent to the epidcrmal surface of the skin.
MATERTAL AND METHOD5
Hairless mice, strain HRS/J, between S and 16
weeks of age, were obtained from Jackson Labo-
ratories, Bar Harbor, Maine. Tritiated water fluxes
were determined by the technic previously de-
scribed (15). Immediately after the mouse was
sacrificed, the skin was dissected from the entire
back and abdomen. Small samples were placed in
diffusion chambers in which a surface area of 0.71
cm2 of skin was exposed. Subsoquently, saline (5
ml) was added to each side of the chamber and
continuous circulation was maintained by means
of an airlift device. Prior to treatment of the
stratum corneum, an initial rate of diffusion of
water through each skin sample was determined
as follows: 0.05 or 0.1 ml of tritiated water (450
pv/ml) was added to the saline on the epidermal
side of the skin. Since previous studies had shown
that a constant rate of diffosion of tritium was
established within 45 minutes after the addition
of the labeled water, the system was allowed to
equilibrate for that length of time. Then four 0.5
ml samples were taken at tweoty-minute intervals
from the saline in contact with the dermal side of
the skin. Each sample was replaced with an equiv-
alent amount of saline to keep the volume constant
and appropriate corrections were made for the
loss of radioactivity when the final results were
calculated.
When sampling was completed for the deter-
mination of the initial water diffusion rate, the
saline which was in contact with tbe epidermal side
of the skin was replaced with a reagent. The
reagent was left in contact with the stratum
corneum for a predetermined period of time and
subsequently drained. After thorough rinsing of
both sides of the chamber, saline was again added
and the rate of diffusion of water was again
determined.
Some experiments were modified in that the
reagent was simply added to the labeled saline
solution on the epidermal side of the skin. In this
manner, changes in the water diffusion rate due to
the presence of the reagent, could be observed. In
some of the experiments in which the latter pro-
cedure was followed, the chambers were sub-
sequently emptied and the final diffusion rate in
the presence of saline alone was measured. Thus,
it could be determined whether observed changes
in diffusion rates were reversible or not. All ex-
periments were carried out at room temperature.
The results were evaluated by calculating the
ratio obtained by dividing the final diffusion rate
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by the initial rate. A ratio of one would indicate
exact reproducibility of the measurements and
therefore, no change in the rate of diffusion of
water. In a previous study (15), this technic was
evaluated by determining initial and repeat dif-
fusion rate measurements through a series of un-
treated skin specimens. It was found that the
ratio of the final to the initial rate ranged be-
tween 0.89 and 1.08 with a mean of 1.01 0.06
(S.D.) Therefore, in the present study, a 99%
confidence level could be attained by accepting
only ratios of 1.2 or greater as indicative of a
siguificant change in the water diffusion rate.
Ratios of less than 1.2 were considered to indicate
no change in barrier function. The relative effec-
tiveness of the reagents was estimated by com-
paring their respective ratios.
Radioactivity of samples was determined in an
Automatic Nuclear-Chicago liquid scintillation
counter model 701. The solution of scintillator
consisted of 4 gm of 2,5-diphcnyloxazole, 25 mg
of 1, 4-bis2-(5-phenlyoxazolyl)]-benzene and 50
gm of naphthalene dissolved in dioxane to a total
volume of one litre. Each 0.5 ml sample was mixed
with 12.5 ml of the scintillation solution and was
allowed to stand until the NaC1 had precipitated,
leaving a clear supernatant. Appropriate back-
ground and standard samples were prepared and
assayed with each set of unknowns. Under these
conditions of radioassay, the counting efficiency
was 13% and the background rate was 50 cpm. At
least 4000 counts were recorded for each sample.
When the samples had been assayed for tritium,
the rate of diffusion of water was calculated in
mg/cmhr as follows:
Rate of Diffusion = AXB
where 'A' is the area of skin in contact with the
solution, 'B' is the specific activity (counts/mm.!
mg) of the water circulating on the initially
labeled side, and 'C' is the total amount of radio-
activity (counts/mm.) which has accumulated on
the sampled side during a one hour period.
RESULTS
I. Investigation of the Role of Lipid
Constituents of the Stratum
Corneum in Barrier
Function
The surface of hairless mouse skin samples
was brought into contact for 30 minutes with
either chloroform, ethylether, acetone or
ethanol. Because of recent interest in dimethyl
sulfoxide (DM50) this reagent was also in-
cluded in this series. The rate of diffusion of
water was determined prior to and after treat-
ment of each skin sample and changes in
barrier function were evaluated by calculating
TABLE I
Rate of diffusion of water through hairless mouse
shin, in vitro, before ond after treatment of epi-
dermot side with an organic solvent for 30 minutes
Solvent
Rate of dieusion
(mg/cm'/hr)
Before After Ratio
Chloroform 0.89
0.46
0.33
0.28
0.25
194
120
170
120
196
220
260
510
430
780
Diethylether 0.34
0.21
0.27
60
66
34
180
310
130
Dimethyl sulfoxide 0.47
0.51
35
46
73
90
Acetone 0.47
0.62
0.63
0.29
6.0
4.8
4.1
31
13
7.7
6.5
110
Ethanol 1.3
0.53
0.97
0.42
0.37
0.18
5.3
2.1
2.55
1.05
0.77
0.28
4.0
4.0
2.6
2.5
2.1
1.6
the ratio of final and initial rates. The results
are listed in Table I. It can be seen that the
ratio obtained for each reagent is higher than
1.2. Hence, it can be concluded that the rate
of diffusion of water increased significantly
after application of each reagent. The highest
rates were obtained after treatment with chloro-
form, the lowest after application of ethanol.
Witle respect to effectiveness the reagents may
be classed as follows: (1) chloroform, (2) ethyl-
ether, (3) DM50, (4) acetone and (5) ethanol.
II. Investigation of the Role of Proteins
of the Stratum Corneum in Barrier
Function
(1) Treatment of the stratum corneum with
buffers of different pH. For these studies 0.1
M glycine buffers ranging in pH from 1.5 to
12.0 were prepared. After the initial water
diffusion rate was determined, each chamber
was drained and rinsed with saline. Saline
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Fm. 1. Water diffusion through excised hairless
the pH of the solution in contact with the epidermis.
was then added again to the dermal side of
the chamber and an equivalent amount of the
appropriate buffer solution to the epidermal
side. Tritiated water was then added to the
epidermal side of the cjiamber and samples
were obtained from the dermal side over a
two hour period beginning 45 minutes after
the addition of the tritiated water. In this
manner, a final diffusion rate was obtained in
the presence of the buffer solution. The re-
sults were evaluated by calculating the ratio
of final to initial diffusion rates and plotting
it against the respective pH value. The data
shown in Figure 1 reveal that, in the pH
range of 4 to 10, ratios were less than 1.2. It,
therefore, can be concluded that buffers in this
p11 range did not produce a significant
8 10 12
mouse skin is shown as a function of
change in barrier function. In the pH ranges
of 1.5—4.0 and 11—12 the ratios were higher
than 1.2 indicating that reagents having a
pH in these ranges brought about a significant
increase in the diffusion of water. Hence, in
the pH range of 4—10, where SP are soluble
but other proteins are not, the barrier func-
tion did not change. On the other hand, in the
pH range of 11—12 where the CP are soluble,
the water diffusion increased.
(2) Treatment of the stratum corneum with
iceratinolytic agents. To obtain further in-
formation about the role of CP in barrier func-
tion, the stratum corneum was exposed to 0.01
or 0.04 N sodium hydroxide or 0.01 or 0.04 M
sodium sulfide solutions and changes in
barrier function were followed immediately.
22 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
4
3
2
0
0
0
0
0
1 I I I I I
14
0
zI
InI-z
0
UIa
In
-JCIft
UIa
z0
UIz
-J
z
r
m 2
The experiments were carried out as fol-
lows: After the initial rate of diffusion had
been determined, the reagent was added di-
rectly to the saline on the epidermal side of
the skin in an amount sufficient to produce the
desired concentration. Sampling was then con-
tinued from the dernial side in order to ob-
serve any changes in the water diffusion rate
in the presence of the reagent. In the experi-
ments with sodium hydroxide, the chambers
were subsequently emptied and rinsed and a
final water diffusion rate was obtained with
saline on either side of the skin. The results
illustrated in Figures 2 and 3 reveal that water
diffusion increased immediately after appli-
cation of each of these reagents. The changes
observed with sodium hydroxide were ir-
reversible because diffusion rates could not be
restored to the initial rate even after thorough
washing of the skin with saline.
(3) Treatment of the stratum corneum with
other reagents. In this study reagents which
selectively attack chemical bonds of proteins
were used. Sodium bisulfite was used to reduce
disulfide bonds, urea to split hydrogen bonds,
trypsin to attack lysyl and arginyl bonds, and
peracetic acid to break peptide linkages and
oxidize disulfide bonds. For comparative pur-
poses 0.01 N and 0.04 N sodium hydroxide
solutions were also included. The effects of
sodium bisulfite, urea and trypsin were in-
vestigated by the method described for the
study of the effects of lipid solvents, whereas
peraeetie acid was studied by the same
method as that described for the study of
sodium hydroxide. The results are listed in
Table II. It can be seen that the rate of water
diffusion did not change significantly after
application of sodium bisulfite or urea. Tryp-
sin resulted in a small but significant increase
whereas peracetic acid produced a larger in-
crease in the diffusion of water through the
skin.
DISCUSSION
Most of our knowledge about the function of
the epidermal water barrier was derived in the
past from measurements of water diffusion
through untreated and treated skin samples.
Generally, in such studies, the average value
of water diffusion for untreated and treated
skin samples was calculated and compared.
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Fm. 2. Diffusion of water through specimens of hairless mouse skin. The arrows indicate
the time of addition of either 0.01 N sodium hydroxide (open circles) or 0.04 N sodium
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This methodical approach was based on the
assumption that within a characteristic body
area the skin possesses a similar water barrier
and therefore barrier function can be char-
acterized by the average value of diffusion of
water through skin samples taken from an
identical body region.
The above methodical approach has not
been critically evaluated in the past and it is
still often considered as a suitable method for
studying the function of the epidermal water
barrier. However, when water diffusion rates
reported for individual skin samples derived
from the same region arc surveyed, one finds
extremely wide variations. For instance, in
terms of mg/cm2/hr for untreated skin sam-
ples, Winsor and Burch (16) reported varia-
tions in the range of 3.7—12.9 and Berenson
and Burch (9) in the range of 0.50—1.18. In
other studies in which the extremes of the
measurements were not given, a similar wide
variation is evident from the large standard
deviation reported. For example Onkcn and
Moyer (10) reported a mean of 0.29 0.19
(SD) and Mali (5) 0.69 0.127 (SD). Fur-
thermore, with skin samples extracted with
hot organic solvents, Onken and Moyer (10)
reported a mean of 22.9 8.1 (SD).
In a previous study, we used a sensitive
method utilizing tritiated water and found
that water diffuses through each untreated
skin sample at a different rate (15). For in-
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Fm. 3. Diffusion of water through specimens of hairless mouse skin. The arrows indicate
the time of addition of either 0.01 or 0.04 M sodium sulfide.
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stance, in samples of skin from hairless mice,
we noted variations in the range of 0.18—1.08
mg/em2/hr. The variations in water diffu-
sion rates noted by the investigators men-
tioned above thus appear to be primarily re-
lated to the variable water barrier. In view of
this variability it is apparent that the barrier
function cannot be accurately characterized by
calculating the average rate of diffusion of water.
By such a method only very marked changes in
barrier function can be considered significant
while minor changes are not detectable. There-
fore the ineffectiveness of a reagent cannot be
satisfactorily evaluated.
In the present study, the same skin sample
served as the control and the experimental
material and changes in barrier function were
evaluated by calculation of the ratio of final
to initial water diffusion rates. The ratio so
obtained provides a sounder basis for com-
paring changes in the diffusion of water pro-
duced by different reagents because it does
not depend on variations of the water barrier
in the various skin samples. Furthermore, the
numerical value of the ratio is related to the
degree of change in the barrier function, and
to the effectiveness of the reagent applied.
The approach used in this study is useful
for obtaining information about the different
constituents of the stratum eorneum which are
involved in barrier function, but it could be
improved considerably by including chemical
analysis of the materials removed from the
stratum corneum by the reagents. Since the
chemical nature of the solubilized material
was not investigated, the changes in the
barrier function can be related only to the
known solubilizing action of the corresponding
reagents. When the results are interpreted
from this viewpoint, it appears that lipid and
particular protein constituents of the stratum
corneum participate in barrier function. The
large increases noted in the diffusion of water
after application of organic solvents suggest
that lipid material of the stratum corneum
represents an important constituent of the
epidermal water barrier. The different water
diffusion rates brought about by different
lipid solvents suggest that lipid material
could either have been extracted in different
amounts or that particular lipid constituents
could have been attacked selectively. Moreover,
either surface, intracellular, or plasma mem-
TABLE II
Rate of diffusion of water through hairless mouse
skin in vitro, before and after treatment of the
epidermat side with various aqueous solutions
Reagent
Treat-ti
(mm)
Rate of diffusion
(mg/cm'/hr)
Before After Ratio
0.01 M Sodium bisul-
fita, pH 6.9
0.1 M Sodium bisul-
fite, pH 5.4
180
180
0.43
0.69
0.41
0.66
0.96
0.95
6MUrea 30
60
0.45
0.53
0.52
0.51
1.15
0.96
1% Trypsin, p118.3 105
165
165
165
165
0.37
0.52
0.46
0.57
0.51
0.61
0.80
0.68
0.79
0.86
1.6
1.5
1.5
1.4
1.7
0.8% Peracetie acid
1.6% Peraeetie acid
120
120
0.37
1.06
1.37
5.3
3.7
5.0
0.01 N Sodium by-
droxide
0.04 N Sodium by-
droxide
90
90
0.44
0.59
0.61
0.42
0.79
1.16
1.65
0.78
1.8
2.0
2.7
1.9
brane lipid components may have been af-
fected by the different reagents. Hence, further
studies, including identification of the ma-
terial removed by the different solvents would
be of great help for characterization of the
lipid component of the epidermal water bar-
rier.
The lack of change in barrier function after
application of buffers in the p11 range of 4—
10 strongly suggests that SP of the stratum
corneum do not play a significant role in
limiting the diffusion of water. On the other
hand, the increases noted in the pH range
of 11—12 indicate that CP ("keratin") par-
ticipate in barrier function. Furthermore, the
increases found after the use of keratinolytie
agents also provide evidence that CP take part
in limiting the rate of water diffusion. Since
CF form the bulk of the stratum eorneum, one
would expect that large increases in water
diffusion would occur when keratinolytie
agents are applied, similar to that seen after
application of organic solvents. However, only
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a small increase is noted; the reason for this
is not yet known.
The increase in the rate of diffusion of
water found in the pH range of 1.5—4.0 may
he regarded as being due to a complex change.
In this pH range, SF arc accessible for extrac-
tion, whereas the other proteins, such as the
CF and MP, most probably undergo various
degrees of hydration. Furthermore, at pH 2 or
lower, all proteins may undergo mild hydro-
lytic decomposition.
Since the peracetic acid attacks all pro-
teins, including the MF, and the increase in
the diffusion rate of water is somewhat larger
with this reagent than after the application
of keratinolytic reagents (Table II), the pos-
sibility that MF may also participate in
limiting the flow of water through the skin
must be considered. In fact, the combination of
MP with lipids in the plasma membrane of
horny cells and the almost sheet-like arrange-
ment of the thickened plasma membranes
throughout the entire stratum corneum is an
arrangement highly favorable for limitation of
the diffusion of water through the skin.
SUMMARY
Skin samples from hairless mice were
treated with reagents and the diffusion of
water was determined to obtain information
about the chemical nature of the cpidermal
water barrier. The flux of tritiated water was
determined in diffusion chambers and changes
in barrier function were evaluated by cal-
culation of the ratio of the diffusion rates
obtained prior to and after application of the
reagent.
After application of chloroform, ethylcther,
acetone and DMSO, greatly increased water
diffusion rates were found. Buffers in the pH
range of 4—10 did not produce changes in-
dicating that soluble protein constituents of
the stratum corneum do not play a signifi-
cant role in barrier function. Buffers in the
pH range of 11—12 and keratinolytic agents
caused a small but significant increase in the
diffusion of water indicating that cytoplasmic
proteins such as "kcratin" are important for
harrier function. Fdracctic acid, which at-
tacks all the proteins of the stratum corneum
including the proteins of the plasma mem-
branes of horny cells, produced a somewhat
larger increase than keratinolytic agents. This
suggests that the plasma membrane proteins of
the horny cells may also take part in harrier
function.
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